Abstract.-W e show t h a t t h e i x c r e a s e i n t h e d e n s i t y of gap s t a t e s N(E) res u l t i n g from t h e p h o t o c r e a t i o n of d e f e c t s i n plasma-deposited a-Si:H can b e measured by t h e f i e l d e f f e c t and by t h e conductance change due t o s u r f a c e adsorbates. A simple model i s p r e s e n t e d which e x p l a i n s t h e doping dependence of t h e magnitude and t h e s i g n of t h e light-induced conductance changes.
b r i e f l i g h t exposure 131. An i n c r e a s e of t h e d e f e c t -r e l a t e d luminescence peak a t 0.8 eV was observed by Pankove e t a l . 141. These changes a r e a l l r e v e r s i b l e upon annealing above 150°C. This paper p r e s e n t s new r e s u l t s on t h e e f f e c t o f photocreated d e f e c t s on t h e f i e l d e f f e c t and t h e conductance change due t o s u r f a c e adsorbates. These a r e cons i s t e n t w i t h a simple model which e x p l a i n s t h e doping dependence of t h e S t a e b l e rWronski e f f e c t .
Doping Dependence of t h e Staebler-Wronski E f f e c t . -F i g . 1 shows GB/GA, t h e room temperature r a t i o of t h e dark conductance a f t e r prolonged exposure t o l i g h t ( s t a t e B) t o t h e dark conductance a f t e r annealing i n vacuum ( s t a t e A) a s a f u n c t i o n of t h e a c t i v a t i o n energy Ea of s t a t e A. For most samples GB/GA < 1 i n agreement w i t h t h e r e s u l t s of S t a e b l e r and Wronski [ l ] . However, we f i n d GB/GA > 1 when t h e Fermi I e v e l E F of s t a t e A i s n e a r and s l i g h t l y above midgap. The conductance changes d i sappear i n s t r o n g l y doped f i l m s . The p r e p a r a t i o n c o n d i t i o n s o f o u r a-Si:H f i l m s have been described e a r l i e r [ 5 ] . They were anodic f i l m s which showed no micros t r u c t u r e under scanning e l e c t r o n microscopic examination.
This g e n e r a l t r e n d can be explained by a simple model which assumes t h a t t h e photo-created d e f e c t s produce a band of donor s t a t e s ND = 6.8 x 1016 cm;3 n e a r midgap and an e q u a l number of a c c e p t o r s t a t e s l y i n g above t h e donor s t a t e s by U = 0.4 eV, a s shown i n f i g u r e 2. Choosing a simple a n a l y t i c a l expression N(E) = NO + N 1 cosh (E/kTo) f o r t h e o r i g i n a l d e n s i t y of s t a t e s , we obtained f o r d i f f e r e n t choices of EF i n t h e annealed s t a t e 4, t h e t h e o r e t i c a l curve shown i n f i g u r e 1. I n accordance w i t h previous measurements 161, we assumed t h a t t h e c o n d u c t i v i t p r e f a c t o r follows t h e Meyer-Neldel r e l a t i o n Go = Goo exp (Ma) w i t h A = 20 eV-!: f o r .both pand n-type samples. The agreement of t h e t h e o r e t i c a l curve w i t h our d a t a p o i n t s i n f i g u r e 1 i s s u r p r i s i n g l y good, i f one considers t h a t N(E) changes w i t h doping and t h e plasma c o n d i t i o n s . Although v a r i o u s choices of N(E), ND, U, and t h e widths o f t h e photo-created donor and a c c e p t o r bands y i e l d s i m i l a r t r e n d s of GB/GA, some g e n e r a l o b s e r v a t i o n s a r e worth n o t i n g : ( i ) GB/G$ > 1 , observed f o r s l i g h t l y n-type samples, r e q u i r e s t h a t t h e c e n t e r of donor and a c c e p t o r s t a t e s l i e s above midgap; ( i i ) t h e donor s t a t e s must l i e below t h e a c c e p t o r s t o y i e l d GB/GA < 1 f o r b o t h *present a d d r e s s : Gpuld Inc., R o l l i n g Meadows, IL 60008 ** Fannie and John Hertz Zoundation Fellow; p r e s e n t address: 24ax-Planck-Institut f;' r
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p-type and n-type samples; ( i i i ) l i g h t l y doped p-type samples i n s t a t e A convert t o n-type i n s t a t e B , a s i n d i c a t e d by t h e s o l i d curve i n f i g u r e 1; G v ) t h e magnitude of t h e Staebler-Wronski e f f e c t diminishes with i n c r e a s i n g N(E),
F i e l d E f f e c t Measurements.-F i g . 3 shows t h e f i e l d e f f e c t of an undoped 0.6 um t h i c k a-Si:H f i l m a t (69 f 2)OC i n t h e d a r k and i n vacuum a f t e r annealing t o 175°C and a f t e r s u c c e s s i v e exposures t o a 75W p r o j e c t o r lamp s e p a r a t e d from t h e sample by 25 cm. The l i g h t was i n c i d e n t on t h e f r e e s u r f a c e , o p p o s i t e t o t h e 150 pm t h i c k q u a r t z s u b s t r a t e and t h e f i e l d e l e c t r o d e . The f i l m was d e p o s i t e d a t 430K. I n s t a t e A we found Ea = 0.92 eV and oo = 1.1 x 104 ohm-1 cm-1; i n s t a t e B, Ea = 0.77 eV, o0 = 7.2 x 102 ohm-I cm-1 and w i t h GB/GA = 7 a t 6g°C. Although t h e zero f i e l d conductance reached its f i n a l v a l u e w i t h i n 2.5 hours o f l i g h t exposure, i t took w e l l over 1 0 hours f o r t h e f i e l d e f f e c t response t o s a t u r a t e . The conductance minimum i s observed t o s h i f t i n q u a l i t a t i v e agreement w i t h t h e d e c r e a s e i n Ea and a n upward s h i f t of EF. The second a n n e a l removed t h e light-induced changes and r e s t o r e d t h e o r i g in a l s t a t e A. The l i n e s through t h e d a t a i n f i g u r e 3 a r e t h e r e s u l t s of computer f i t s which y i e l d e d t h e f i e l d e f f e c t d e n s i t y of s t a t e s NF(E) shown i n f i g u r e 4. Since we do n o t know t h e p o s i t i o n of EF i n t h e i n t e r m e d i a t e exposure s t a t e s , NF(E) i s p l o tted a g a i n s t E-EF, t h e q u a n t i t y o b t a i n e d from t h e d a t a a n a l y s i s [ 7 ] . Fig. 4 shows e x p l i c i t l y a n i n c r e a s e i n NF(E) from about 3 x 1016 t o 1017 ev-1 cm-3 n e a r EF.
NF(E) may b e l a r g e r than t h e bulk d e n s i t y of s t a t e s because of f a c t o r s d i scussed elsewhere [ 6 , 7 ] . I n a d d i t i o n , we wish t o p o i n t out t h e following. The f i e l d e f f e c t a n a l y s i s assumes t h a t a. i s c o n s t a n t throughout t h e space charge region. I f , on t h e o t h e r hand, Do d e c r e a s e s w i t h decreasing s e p a r a t i o n of EF from t h e m o b i l i t y edges, according t o t h e Meyer-Neldel r e l a t i o n [ 8 ]
, s u b s t a n t i a l l y small-er v a l u e s f o r NF(E) a r e o b t a i n e d . Using A = 15 ev-1 and 22 ev-1, we f i n d NF(EF) = 1016 ev-1 cm-3 and 6 x 1015 ev-1 ~m -~, r e s p e c t i v e l y , f o r t h e f i r s t anneal f i e l d e f f e c t curve. A s i m i l a r d e c r e a s e o f NF(E) i s expected f o r t h e light-soaked s t a t e B. S c a l i n g down a l l N(E) i n f i g u r e 4 w i l l not a f f e c t t h e r e s u l t s i n f i g u r e 3.
Adsorbate-Induced Changes.-An i n c r e a s e o f N(E) w i t h l i g h t exposure should r e s u l t i n a d e c r e a s e of t h e conductance changes caused by a d s o r b a t e s o r i n s u l a t i n g overl a y e r s which produce space charge l a y e r s . A s a n example, we show i n f i g u r e 5 t h e decrease of t h e e f f e c t of 20% r e l a t i v e humidity on the conductance of a 1.5 pm t h i c k n-type sample a s the r e s u l t of successive l i g h t exposures. The l i g h t i n t e n s i t y was 0.2 w/cm2. I n s t a t e A we obtained Ea = 0.8 eV and a, = 3 x lo4 (Q cm)'l. A f t e r d i f f e r e n t l i g h t exposures, t h e moisture was admitted t o a flow of dry N2 a t t = 0. Between runs the sample was heat-dried i n vacuum and darkness a t 170°C. The observed decrease i n s e n s i t i v i t y to moisture corresponds t o an i n c r e a s e of N(EF) from about 8 x 1015 ev-l cm-3 t o 2 x 1017 ev-1 cm-3 f o r 44 minute l i g h t exposure. This c a l c u l a t i o n assumed constant a. i n t h e space charge region. I n a separate experiment we found t h a t t h e same f i n a l conductance values a r e reached when t h e sequence of exposure t o l i g h t and moisture i s reversed. S m a and Conclusions.-W e have shown e x p l i c i t l y a completely r e v e r s i b l e i n c r e a s e i n N ( z of plasma-deposited a-Si:H from about 4 x 1016 t o 1-2 x 1017 ev-I cm-3 n e a r t h e gap c e n t e r upon exposure t o l i g h t , The t o t a l number of photo-created s t a t e s (% 1017 cm-3) observed by t h e f i e l d e f f e c t i s l a r g e r than t h e a d d i t i o n a l s p i n s found by Dersch e t a1. , [3] . However, our numbers w i l l be reduced i f a. changes i n t h e space charge region according t o t h e Meyer-Neldel expression.
The doping dependence o f t h e Staebler-Wronski e f f e c t s u g g e s t s t h a t donor and a c c e p t o r s t a t e s are produced a t roughly e q u a l c o n c e n t r a t i o n s . The chemical potent i a l of t h e photo-created s t a t e s P i e s somewhat (5 0.15 eV) above t h e gap c e n t e r . This causes an i n c r e a s e of G w i t h l i g h t exposure f o r l i g h t l y n-type samples and a conversion of l i g h t l y p-type samples t o n-type.
Assuming an a p p r o p r i a t e N(E) of s t a t e A, t h e doping dependence can b e explained w i t h broad and overlapping d i s t r i b ut i o n s of donor and a c c e p t o r s t a t e s i n b a s i c agreement w i t h t h e f i e l d e f f e c t measurements. Light-induced changes i n G depend on N(E), s u r f a c e l a y e r s , and t h e p o s i t i o n of EF. Hence, they a r e not a r e l i a b l e measure o f t h e number of l i g h t -c r e a t e d def e c t s .
The q u e s t i o n remains of what i s t h e o r i g i n of t h e s e light-igduced gap s t a t e s . The ESR r e s u l t s prove t h a t dangling bonds s e p a r a t e d by a t l e a s t 10A a r e c r e a t e d . It i s l i k e l y t h a t l i g h t exposure b r e a k s weak Si-Si bonds w i t h a subsequent r e l a x a t i o n of t h e neighboring network [3] .
Hydrogen can t r a n s f e r t o t h e a r i s i n g dangling bonds from neighboring Si-H bonds, thereby s e p a r a t i n g t h e dangling bonds and c r e a t i n g a m e t a s t a b l e s t a t e . This model r e q u i r e s extended c l u s t e r s of Si-H bonds t o a t t a i n s u f f i c i e n t dangling bond s e p a r a t i o n .
Such c l u s t e r s have been observed by N M R [ 9 ] .
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